Proteases play important roles in many biologic processes and are key mediators of cancer, inflammation, and thrombosis. However, comprehensive and quantitative techniques to define the substrate specificity profile of proteases are lacking. The metalloprotease ADAMTS13 regulates blood coagulation by cleaving von Willebrand factor (VWF), reducing its procoagulant activity. A mutagenized substrate phage display library based on a 73-amino acid fragment of VWF was constructed, and the ADAMTS13-dependent change in library complexity was evaluated over reaction time points, using high-throughput sequencing. Reaction rate constants (k cat /K M ) were calculated for nearly every possible single amino acid substitution within this fragment. This massively parallel enzyme kinetics analysis detailed the specificity of ADAMTS13 and demonstrated the critical importance of the P1-P1′ substrate residues while defining exosite binding domains. These data provided empirical evidence for the propensity for epistasis within VWF and showed strong correlation to conservation across orthologs, highlighting evolutionary selective pressures for VWF.
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phage display | protease | high-throughput sequencing | ADAMTS13 | von Willebrand factor P rotease specificity is critical for maintaining diversity and compartmentalization of function, and is tightly controlled. For many proteases, a substrate initially docks to an exosite, which captures and orients the substrate scissile bond toward the active site of the enzyme. At the active site, the Px-Px′ (1) substrate amino acid side chains align with the complementary Sx-Sx′ pockets of the enzyme to optimize recognition by the active site residues that execute the proteolytic reaction (2) .
Conventional techniques for probing the substrate recognition requirements of a protease are cumbersome and time-consuming and require intimate knowledge of the enzyme/substrate pair. Such methods include engineering deletion mutants (3), use of competitive ligands (4, 5) , and site-directed mutagenesis (6, 7) . In contrast to these techniques, substrate phage display is a highthroughput, unbiased approach to studying protease substrate specificity (8) (9) (10) . In this method, a library consisting of 10 6 -10 9 independent phage clones, each expressing a unique potential substrate on its surface, is panned for multiple rounds with a protease, and the cleaved or uncleaved phages after each reaction are removed and amplified for subsequent rounds of selection. In this manner, the library complexity is iteratively reduced and becomes populated by peptide sequences that are most informative. This methodology, although useful, is limited by the number of clones selected for individual Sanger sequencing after the last round of selection, and the selection of phages based on competitive growth advantages unrelated to enzyme specificity. The availability of high-throughput DNA sequencing technology (11) has facilitated detailed analysis of the changing complexity within a phage display library (12) (13) (14) (15) (16) without requiring multiple rounds of selection and amplification. By sequencing millions of phage particles, changes in the composition of the library can be precisely monitored.
To explore the utility of this approach, we focused on the protease ADAMTS13. A member of the Metzincin family of metalloproteases (17) , ADAMTS13 is unique among proteases because it circulates in an active form, has no known natural inhibitors, and has only a single known substrate, von Willebrand factor (VWF) (18) . Deficiency in ADAMTS13 results in thrombotic thrombocytopenic purpura, a devastating blood coagulation disorder characterized by pathological deposition of thrombi in the microvasculature (19) (20) (21) . In contrast, mutations within the VWF A2 domain that increase susceptibility to ADAMTS13 cleavage result in a bleeding phenotype (type 2A von Willebrand Disease) (22) . A 73-amino acid fragment of the VWF A2 domain, termed VWF73, was identified as an efficient substrate of ADAMTS13 (3) and forms the basis for clinical assays of ADAMTS13 activity (23) .
Given the importance of ADAMTS13/VWF interactions, we combined substrate phage display of a mutagenized VWF73 library with high-throughput sequencing. This methodology enabled massively parallel enzyme kinetic measurements and permitted the calculation of the apparent rate constant (k cat /K M ) for single or
Significance
Here we report a method to rapidly examine the effect of nearly all possible single amino acid substitutions within a substrate fragment of the coagulation protein von Willebrand factor (VWF) on the efficiency of cleavage by its cognate protease, ADAMTS13. A substrate phage display library was generated containing ∼3.5 × 10 7 independent clones and uncleaved phages collected at multiple reaction time points after reaction with ADAMTS13. Analysis of these phages by high-throughput sequencing facilitated simultaneous calculations of k cat /K M values for multiple substitutions at each position of this protein fragment, providing a comprehensive picture of the substrate recognition landscape for the interaction between ADAMTS13 and VWF. This approach should be broadly applicable to many other protease/substrate pairs. double amino acid substitution or substitutions within the mutant VWF73 library. The data provide a comprehensive substrate recognition landscape for ADAMTS13, defining exosite binding domains within VWF73 at amino acid resolution level. This methodology provides a general platform for rapid and comprehensive protease profiling that should be readily adaptable to many other protease/substrate pairs.
Results
Cleavage of a VWF73 Variant Library by ADAMTS13 Follows First-Order Reaction Kinetics and Contains Sequences Resistant to Proteolysis. A library of VWF fragments encoding variants of Asp1596-Arg1668 (VWF73) was constructed with synthetic oligonucleotides (SI Appendix, Fig. S1 ) that contain the wild-type (WT) nucleotide at 97% frequency at each position and the three mutant nucleotides at a 1% frequency each (Fig. 1A) . The library was cloned into the FUSE55 M13 filamentous phage display vector (24) , yielding ∼3.5 × 10 7 independent clones. High-throughput sequencing of the mutant VWF73 library identified 3,684,035 unique peptide sequences, with 3.02% average mutation frequency at each nucleotide position (Fig. 1B) , resulting in a 6.79% average substitution rate at each of the 73 amino acid positions (Fig. 1C) .
Of the 1,387 possible single amino acid substitutions within VWF73 (73 × 19), 1,377 were present in the unselected library. Notably, 245 of these 1,387 amino acid substitutions require changes at all three nucleotides of the codon and were expected to be underrepresented (frequency of 0.01
). Nonetheless, among this latter group of substitutions, 96% (235) were represented, with the remainder accounting for all 10 of the amino acid changes missing from the library. Overall, 99% of possible single amino acid substitutions and 51% of possible double amino acid substitutions are represented (Table 1) . After the addition of recombinant ADAMTS13 to phages bearing WT VWF73, proteolysis followed predicted substrate consumption kinetics performed under pseudo-first-order conditions (Fig. 1D) . Near-complete substrate consumption (99.2%) was observed by 120 min. In comparison, the mutant VWF73 library was consumed less efficiently, with maximal substrate consumption at 600 min exhibiting only ∼80% cleavage (Fig. 1D) . These data suggest the mutant VWF73 library contained variants that were resistant to ADAMTS13 cleavage.
High-Throughput Sequencing of Uncleaved Phages Defines the P3-P2′
and Two Important Exosites as Critical for Proteolysis. The mutation profile of the mutant VWF73 library was examined at 5 time points after the addition of ADAMTS13 (from 0 to 600 min) (SI Appendix, Table S1 ). WT VWF73, which accounted for 0.056% of the total reads in the unselected library, decreased ∼30-fold by the 600-min reaction time. We applied the Enrich pipeline (25) to evaluate the fold-change in mutation frequency from 0 to 600 min. Enrichment of VWF73 variants after selection of uncleaved phages correspond to substitutions that resisted cleavage by ADAMTS13. Overall, 590 amino acid substitutions were significantly enriched and 178 were significantly depleted (false discovery rate, pFDR < 0.05) relative to the corresponding WT amino acid in the selected library (SI Appendix, Fig. S3 ). Fig. 2 shows the change in mutation frequency at each position of VWF73 (Fig. 2 , Top) and for each amino acid variant (Fig. 2 , Bottom, and Dataset S1) and defines three distinct mutation-sensitive segments within VWF73. Segment A, spanning Pro6-Val12 of VWF73, includes the Tyr10-Met11 scissile bond and showed the greatest enrichment of mutation frequency. Segment B spans Asp19-Asp27 and contains Ile21, a previously identified exosite-binding residue (26) . Segment C spans Pro53-Leu69 and contains a number of residues exhibiting mutation enrichment after selection (Fig. 2 , Bottom). These data are consistent with previous, much more limited, biochemical studies (3, (27) (28) (29) (30) and provide a high-resolution substrate recognition landscape for ADAMTS13.
Massively Parallel k cat /K M Determination for Variants in the Mutant VWF73 Library. Enzyme/substrate reactions are governed by a reaction rate constant, k, that describes the likelihood of a productive interaction leading to substrate hydrolysis. Rate constants are traditionally determined as individual reactions. Because ADAMTS13 cleavage of the mutant VWF73 phage library followed first-order kinetics (Fig. 1D ), individual rate constants could be determined for each mutant in the library, using high-throughput sequencing data collected from the uncleaved phages at reaction time points. The mutation frequency enrichment profile for each time point (SI Appendix, Fig. S4 ) resembled the profile at 600 min ( Fig. 2 , Top), with a time-dependent increase in the magnitude of The unselected library shows an equivalent rate of amino acid substitutions at each position of VWF73, although a higher frequency was seen at Tyr10. The bars represent the overlap between mutant synthetic oligonucleotides used for library assembly. The mutation frequency in the regions of overlapping mutant oligonucleotides was 2.1%, which was only ∼1% lower than the average mutation frequency across the entire length of VWF73. The comparable amino acid diversity across overlapping oligonucleotides suggests this approach could be extended to larger proteins. Only the last nucleotide exhibited a markedly lower mutation frequency (0.067%; SI Appendix, Fig. S2 ), possibly reflecting incomplete removal of the nonrandomized oligonucleotides that preceded this position during synthesis. The reduced mutation frequency at this wobble codon position did not appreciably impact the amino acid diversity. (D) Phages displaying a mutagenized VWF73 library (•) or WT VWF73 (■) were reacted with 5 nM ADAMTS13 at 37°C. Uncleaved phages were quantified at reaction time points, using AlphaLISA. The data were fit by nonlinear regression in Graph Pad, using the one-phase exponential decay equation. Data represent the mean of three independent experiments. High-throughput sequencing of the unselected phages reveals the complexity of the mutant VWF73 library. The number of expected (Exp) single substitutions at each position are compared with the observed (Obs) for both nucleotide and amino acid substitutions. Similarly, all combinations of two substitutions observed are compared with expected.
enrichment. The apparent pseudo-first-order rate constant, k app , calculated for WT VWF73 within the library, was 0.2888 ± 0.001, yielding a k cat /K M value of 5.78 × 10 7 M −1 ·min −1 (SI Appendix, Fig. S5 ), which is comparable to the value determined for the recombinant WT VWF73 peptide (Table 2) (26) (27) (28) .
Although 1,377/1,387 amino acid substitutions were represented in the starting library, only 772 were present as single variants; that is, a phage clone containing only a single amino acid substitution (SI Appendix, Fig. S6A ). No cleavage was detected in 42 clones, representing the most resistant substitutions (SI Appendix, Fig.  S6B , and Dataset S1). Overall, 363 of the 772 single-variant substrates exhibited k cat /K M values that were significantly inhibited relative to WT VWF73 (pFDR < 0.05). Excellent agreement was observed between these k cat /K M values and those for recombinant peptides randomly selected or previously described in the literature (26) (Table 2) (R 2 = 0.94; SI Appendix, Fig. S7A ). The relatively high rate of mutation in the library resulted in ∼98.2% of sequences containing two or more amino acid substitutions. Establishing the contribution of each substitution to the k cat /K M values of a sequence could be biased by epistatic interactions between the amino acids. To test the degree of epistasis between amino acid residues in VWF73, the k cat /K M values for pairs of amino acid substitutions were calculated and compared with the values obtained for either single variant alone. No significant epistatic interactions were detected (Materials and Methods), possibly reflecting the lack of substantial tertiary structure within VWF73 (31), although our data are underpowered to detect interactions between residues with small effects.
We then tested whether accurate k cat /K M values could be calculated for VWF73 variants using reads derived from clones containing one or more additional amino acid substitution distinct from the primary amino acid variant of interest. Calculation of the k cat /K M for the set of reads with the WT amino acid held constant at each position of VWF73 yielded an average value of 6.6 × 10 6 ± 3.4 × 10 4 M −1 ·min −1 , which is ninefold slower than the k cat /K M for WT VWF73, but with remarkably similar values calculated at each position (Fig. 3A) . These data confirm that the effect of multiple amino acid substitutions is mostly averaged across sequences sharing a given amino acid at a position of VWF73. The one exception is seen at Tyr10, likely explained by the unique sensitivity of this position to amino acid substitutions (Fig. 2) . Substitutions at this P1 position decrease the average k cat /K M value at every other position of VWF73, but this effect is lost when P1 Tyr is held constant.
Because epistatic interactions within VWF73 appear to be rare, the contribution of amino acid substitutions toward k cat /K M values can be considered independently. Therefore, the effect of each amino acid substitution can be averaged regardless of the presence of substitutions elsewhere in the VWF73 sequence. Such average measurements will be referred to as the aggregate mutant. Of all possible 1,387 single amino acid substitutions, 1,300 were present with a sufficient number of aggregate mutant reads for k cat /K M determination (Fig. 3B) . The k cat /K M for the aggregate Fig. 2 . Enrichment after selection of mutant VWF73 substrate phage library. Enrichment of VWF73 sequences that remained uncleaved after a 600-min reaction with 5 nM ADAMTS13 was performed using the Enrich analysis package (12, 25) . The average enrichment in mutation frequency at each position of VWF73 was calculated by dividing the mutation frequency in the selected uncleaved phages after a 600-min reaction with ADAMTS13 by the mutation frequency in the starting library (Top). Enrichment in mutation frequency (log 2 average enrichment > 1) indicates positions of VWF73 at which mutations, on average, inhibit cleavage by ADAMTS13, whereas a depleted mutation frequency (log 2 average enrichment < 1) indicates positions at which mutations on average enhance cleavage. Three segments (indicated as A, B, and C) highlight amino acid intervals at which amino acid substitutions tended to inhibit cleavage. A heatmap of the log 2 of enrichment for every single amino acid substitution at each position of VWF73 (Bottom). Enriched substitutions (red) indicate amino acid substitutions that inhibit cleavage by ADAMTS13. Depleted substitutions (blue) indicate amino acid substitutions that enhance cleavage. Amino acid substitutions that were represented by less than 10 reads (white) were not analyzed. mutants exhibited a strong correlation with the corresponding single substitution variant (R 2 = 0.74) (SI Appendix, Fig. S7C ), as well as with enrichment at 600 min (R 2 = 0.68) (SI Appendix, Fig.  S7D ). The majority (70%) of variants exhibited k cat /K M values that fit the first-order model, with R 2 values between 0.76 and 1.0 (SI Appendix, Fig. S7E ). Overall, 462/1,300 aggregate mutants exhibited k cat /K M values that were significantly (pFDR < 0.05) different from WT VWF73 (SI Appendix, Fig. S11A ), with these mutants clustered at regions of VWF73 most sensitive to substitutions (compare SI Appendix, Fig. S8 and Fig. 2, Top) . Fig. 3C illustrates the k cat /K M for every aggregate mutation at each position of VWF73 (see Dataset S1). These values exhibited excellent agreement with rate constants determined experimentally for a select set of recombinant VWF73 peptides (SI Appendix, Fig. S7B ). Of the 100 most damaging substitutions, 32 were within the P3-P2′ interval and 13 were at position P1 (Tyr10). As expected, amino acid residues with similar biochemical properties exhibited comparable k cat /K M values. For example, Tyr10Phe was cleaved as efficiently as WT VWF73 and was the only substitution at this position that did not inhibit VWF73 proteolysis. Although substitutions within the segments designated VWF73A and VWF73B (Fig. 2, Top) were the most likely to inhibit cleavage by ADAMTS13, the magnitude of change at any VWF73 position varied with the specific amino acid substitution. For example, Val9 was inhibited by all substitutions except Arg and Ala, whereas substitutions at position Thr61 exhibited both enhanced and/or inhibited rates of VWF73 cleavage, depending on the amino acid change (Fig. 3C) . Within the VWF73C segment, multiple positions showed both enhancement and inhibition, depending on the specific amino acid substitution.
However, every amino acid at both Ile54 and Ile56 inhibited cleavage, suggesting an important role for Ile at these positions.
Superficial exosite binding regions of VWF73 have previously been shown to correspond to disordered loops and β-sheet secondary structures (32) , which are known to have amino acid R-groups with alternating 180°orientations. Indeed, VWF73 segments B and C residues exhibit alternating sensitivity to substitutions (Fig. 3C) , consistent with an orientation of amino acid R-groups in the same face toward ADAMTS13, with complementary pockets on ADAMTS13 that prefer Asp19, Ile21, Arg23, and Asp27 or Ile54, Ile56, Asp58, and Glu60 (6, 33) . In contrast, the active site of ADAMTS13 lies within a pocket, where substrate residues of all orientations would be expected to interact. Consistent with this model, the VWF73A segment contains sequential amino acids in which substitutions inhibit ADAMTS13-dependent proteolysis (Fig. 3C) . . In contrast, substitutions within Asp1-Ala5, Gln29-Pro50, and Val70-Arg73 had little effect on the rate of proteolysis. Consistent with these data, deletion or replacement of these segments (SI Appendix, Fig. S9 ) had little effect on cleavage by ADAMTS13. Although Gln29-Pro50 is dispensable for cleavage of VWF73, several amino substitutions (Arg46Asp, Arg46His, or Glu45Ile) in this region were observed with increased rates of proteolysis (Fig. 3C) , suggesting additional exosite-binding sites can be engineered to optimize substrate recognition. Fig. 3 . k cat /K M for aggregate single amino acid substitutions. Sequencing uncleaved phages from 0-, 2-, 5-, and 10-min reaction time points was used to monitor the change in mutation frequency as a function of time. The frequency for each amino acid variant at each position was derived from VWF73 clones bearing multiple amino acid substitutions (aggregate mutant). The apparent pseudo-first-order rate constant (k cat /K M ) was calculated by fitting the normalized counts at each time point to Eq. S1. (A) The k app for the WT amino acid at each position of VWF73 was calculated using sequencing reads derived from the majority of clones containing multiple amino acid substitutions. The difference between the k cat /K M for the WT amino acid at each position relative to the k cat /K M for pure WT VWF73 (5.78 × Fig. S10 ), and the remaining mutations exhibited only modest enhancements in VWF73 proteolysis. A number of VWD-2A mutations have been shown to lower the threshold of shear required to unfold the VWF A2 domain, more readily exposing the cryptic scissile bond to ADAMTS13 (32, (34) (35) (36) . Taken together, these data strongly suggest that VWF73 requires additional structural features within full-length VWF to effectively model the effect of VWD-2A mutations on ADAMTS13 proteolysis.
VWF73 Evolutionary Sequence Conservation Reflects Effect on Cleavage
by ADAMTS13. Although not evident among the mutations we assayed, epistasis may occur on larger evolutionary scales (37) (38) (39) (40) . To test for epistasis on the macroevolutionary scale, we compared the effect of aggregate mutations in VWF73 on k cat /K M with the per site rate of evolution in vertebrate orthologous sequences (41, 42) . Sites with a greater effect on k cat /K M tended to evolve slower than sites with a lesser effect (Fig. 4) , indicating that evolutionary conservation reflects the average effect of a mutation in the human VWF73 sequence.
The apparent lack of epistasis in mutational and evolutionary data raises the possibility that VWF73 contains fewer epistatic interactions than the rest of the VWF protein sequence. Thus, we mapped human disease mutations to the amino acid states found in VWF orthologs of other species, which allowed us to quantify the prevalence of long-term epistasis within VWF (37) (38) (39) . The proportion of disease mutations found in other species within VWF73 was equivalent to the rest of the VWF protein (2/29 and 40/354, respectively; P = 0.39). None of the mutations that led to total loss of cleavage matched an amino acid state found in a vertebrate ortholog, which was significantly lower than the number of all disease mutations (0/141 versus 42/383, respectively; P ∼ 10
−6
). We also observe a significant difference between the proportion of mutations found in other species when we distinguish non-VWD-2A and VWD-2A mutations (36/261 versus 6/122, respectively; P = 0.01), suggesting the propensity for epistasis varies among VWD subtypes. The loss of cleavage mutations were still less likely to be observed in other species compared with the VWD-2A mutations (0/141 versus 6/122, respectively; P = 0.01). However, the proportion of mutations that lower k cat /K M values (78/618) found in other species was similar to the proportion of mutations that increase k cat /K M values (78/541), and neither were statistically significant from the corresponding proportion of all disease mutations or VWD-2A mutations (P >> 0.05 for all comparisons). These data indicate both that the average effect of a human disease mutation is intermediate to complete loss of function, and that both the slower and faster k cat /K M mutations are equally deleterious.
These data indicate several aspects of VWF73 mutations that cause significant change to k cat /K M . First, the low propensity of epistasis across evolution suggests the potential value of evolutionary information to predict the functional effects of mutations in this segment of human VWF. Second, mutations that eliminate VWF73 cleavage altogether appear less epistatic than either their weakereffect counterparts or known human disease mutations. Taken together, these observations suggest that loss of cleavage mutations produces a stronger phenotype than known disease mutations.
Discussion
This report demonstrates the power of combining substrate phage display with high-throughput sequencing to characterize the substrate sequence requirements for protease recognition with unprecedented single amino acid resolution. Analysis of sequence data from multiple time points enables massively parallel determination of apparent rate constants for a comprehensive set of potential amino acid substitutions. We applied this analysis to the interaction between ADAMTS13 and VWF, providing the first high-resolution substrate recognition landscape for these important regulators of blood coagulation.
ADAM, ADAMTS, and matrix metalloproteases (MMPs) form a family of related metalloproteases with broad biologic importance (17) . MMPs have previously been shown to exhibit promiscuity for residues surrounding the substrate scissile bond (8, 43, 44) . Screening a number of MMPs (including MMP-1, MMP-2, MMP-3, MMP-7, MMP-14, and MMP-26) against a panel of peptides (45) revealed promiscuity for all residues in the P4-P4′interval except P1′, which exhibited a preference for aliphatic amino acids (46) . However, a broad range of amino acids at all other position, including P1, permitted cleavage. In contrast, we demonstrate here that VWF73 peptides bearing substitutions at or near the P1-P1′ interval are the most resistant to ADAMTS13 proteolysis, suggesting a strong preference for amino acid content near the scissile bond. At the P1 position, the most stringent in all of VWF73, only the conservative Tyr10Phe substitution exhibited a comparable k cat /K M to the WT amino acid. The observation that the P3-P2′ interval is highly conserved throughout vertebrate evolution also supports the importance of these residues for efficient proteolysis by ADAMTS13. ADAMTS4, which is more closely related to ADAMTS13 than the MMPs (47), has also been shown to exhibit strong preference for residues surrounding the scissile bond, including Glu at P1, bulky hydrophobic residues at P1′, and Arg/Lys at P2′ (48) . That ADAMTS4 is only distantly related to ADAMTS13 (47) may explain the lack of shared preferences for residues surrounding the scissile bond. However, both ADAMTS13 and ADAMTS4 share the feature of tight P1-P1′ specificity, which could emerge as an important theme in metalloprotease diversification during evolution.
The increasing application of whole-exome and whole-genome sequencing to human populations, particularly in the clinical setting, has created a pressing need for more accurate predictions of the effect of identified rare nonsynonymous variants on protein function. Currently available predictive computer algorithms (e.g., SIFT and PolyPhen2) exhibit high error rates (49) . The approach described here could facilitate high-throughput cataloging of all potential mutations and their quantitative effect on protease or substrate function, allowing accurate prediction of disease risk/ severity for many important human diseases, including VWD and thrombotic thrombocytopenic purpura. The annotation of more than 550 proteases in the human genome (accounting for 2% of known genes), with an anticipated similar or greater set of protein substrates, suggests this approach could be extended to a number of other genes of clinical relevance.
Materials and Methods
Full details of the materials and methods used for this study are presented in SI Appendix, Materials and Methods. Oligonucleotides and primer sequences used in the cloning of the mutant VWF73 library, recombinant peptides, and highthroughput sequencing libraries are provided in SI Appendix, Tables S1-S4.
